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birth and adult Type II diabetes mellitus. Still, there is some evidence that foetal nutrition could indeed be involved [10] , like the epidemiological findings of the Dutch Hunger Winter study [11] and results from experiments in pregnant animals [12±14] . The availability or balance of particular nutrients rather than the availability of macronutrients could be important [10] . Thus far, only a limited number of human studies have been conducted on the nutritional factors that could play a role. One such group of nutrients which could be important in the foetal origins of adult diseases are essential fatty acids and their polyunsaturated derivatives [15, 16] . The importance of the fatty acid composition of our diet for the development of insulin resistance has been recognized for some years now [17±19] . Several studies have shown that the fatty acid composition of serum lipid fractions and muscle membrane phospholipids ± which at least partly reflect dietary fat quality ± are closely related to insulin action [20±23] . For instance, the development of Type II diabetes has been related to lower concentrations of linoleic acid (18:2n-6) and higher concentrations of palmitoleic acid (16:1n-7), g-linolenic acid (18:3n-6) and dihomo-g-linolenic acid (20:3n-6) in serum cholesterol esters of 50-yearold men [24] . Previous comparisons between breastfed and bottle-fed subjects seem to indicate that nutritional factors early in life, like the availability of polyunsaturated fatty acids (PUFAs), could indeed play a role in the development of adult Type II diabetes mellitus [25, 26] . Whether the foetal availability of PUFAs relates to the development of insulin resistance later in life is not known. The primary objective of our study was therefore to explore whether the availability of PUFAs in utero relates to fasting glucose, insulin, proinsulin and leptin concentrations later in life. For this purpose we conducted a follow-up study on a cohort of children in whom umbilical cord plasma phospholipid PUFA concentrations had been determined at birth. We used these umbilical cord plasma phospholipid PUFA concentrations as biomarkers of intrauterine PUFA availability.
Subjects and methods
Study cohort. Subjects were recruited from a Dutch birth-cohort of children. As infants, these children and their mothers participated in a previous study of essential fatty acids during pregnancy and pregnancy outcome. No interventions were provided. To explore the potential long-term effects of foetal essential fatty acid availability, a follow-up study was carried out between 1997 and 2000. All singleton babies born alive before 1994, and for whom an umbilical cord blood sample was available for the determination of the essential fatty acid status at birth, were included. In total, 750 children were eligible for follow-up (for more details on this cohort see ref. [27] ). With the aid of the Dutch population registry, 97 % of the eligible population could be traced. Three children had died and 34 lived abroad. The parents of the remaining 691 children received a written invitation for the follow-up evaluation. We were able to contact the parents of 558 children. Of these, 297 participated, 231 refused, and 30 retracted their initial consent. Birth characteristics (ie. birth weight, crown-heel length, occipital-frontal circumference, ponderal index, gestational age, birth order) of the children who participated did not differ from the children who did not attend our clinic. Approval for this study was obtained from the Ethics Committee of the University Hospital Maastricht and the parents of all participating children gave their written informed consent.
Data collection at follow-up. All children were investigated before puberty, at about seven years of age (range: 6.7±8.1 years). The same physician (PR) examined all children and did all venipunctures. A questionnaire and a structured interview with one or both parents were used to collect additional information. Included were information on maternal smoking during pregnancy, infant nutrition, parental education, and family history of Type II diabetes. A family history of Type II diabetes was considered when a parent or grandparent of the child had Type II diabetes. Anthropometric measurements were done by one observer (PR) as previously described [28] . The percentage of body fat, fat mass, and fat-free mass were estimated from skinfold measurements using equations appropriate for children [29] . The use of other equations did not influence the main findings of this study [30] .
Blood sampling and laboratory analyses. Not all parents and children agreed to a venipuncture, and no more than two puncture attempts were made. As a consequence, blood samples were obtained in 264 of the 297 children. The blood samples were collected in EDTA-treated evacuated tubes after an overnight fast. Plasma was separated from blood cells by centrifugation and stored in small portions at ±80 C until analysis. The fatty acid composition of plasma phospholipids was determined by capillary gas-liquid chromatography, as described before [31] . Glucose was determined enzymatically (Glucose HK-method, Hoffmann-La Roche, Basel, Switzerland) and specific insulin and total proinsulin were measured as described by Ruige et al. [32] . Plasma leptin concentration was measured using a human leptin radioimmunoassay (Linco Research, St. Charles, Miss., USA). Estimates of pancreatic beta-cell function and relative insulin resistance were calculated from the fasting insulin and glucose concentrations using the homeostasis model assessment (HOMA) equations [33] .
Statistical analysis. All analyses were restricted to those children for whom a blood sample was obtained at follow-up. Five cases were excluded for missing values, leaving 259 children for analysis. Data are presented as means SD, unless specified otherwise. Differences between groups were evaluated by unpaired two-tailed Student's t tests or c 2 (chi square) tests. Linear regression models were used to explore relations between plasma phospholipid fatty acid concentrations, birth weight and the outcome variables. During these analysis continuous variables were used instead of categories. Because of a skewed distribution of some variables, log-transformed data were used when appropriate. Multiple regression models were applied to control for potential confounding factors. A two-tailed p value of less than 0.05 was considered to be statistically significant. All statistical analyses were done using STATVIEW (version 4.5, Abacus Concepts Inc., Berkeley, Calif., USA).
Results
Sex, current weight and body composition. None of the children were diabetic (fasting glucose levels < 7.0 mmol/l). The characteristics of the participating boys and girls are reported in Table 1 . Most of the outcome variables were higher in children with a higher current weight, length, fat mass, or fatfree mass (not shown).
Relations with plasma phospholipid fatty acid composition. The most consistent relations were found between the outcome variables and the g-linolenic acid (18:3n±6; a derivative of the essential fatty acid linoleic acid) content of the umbilical cord plasma phospholipid fraction. A higher concentration of g-linolenic acid was associated with lower fasting insulin, proinsulin, HOMA insulin resistance, and HOMA beta-cell function (Table 2 ). In addition, indices of body fatness (fasting leptin, sum four skinfolds, percentage body fat, and fat mass) were also negatively related to the g-linolenic acid levels at birth, whereas, weight, height, BMI, and fat-free mass did not relate to umbilical cord plasma g-linolenic acid concentrations ( Table 2) .
In contrast, plasma phospholipid g-linolenic acid concentration at seven years of age was positively related to the parameters of glycaemic control (fasting glucose, insulin, proinsulin, HOMA insulin resistance, and HOMA beta-cell function) and fasting leptin concentration (p < 0.05 for all, unadjusted and adjusted for age, sex and current weight; data not shown). Plasma phospholipid g-linolenic acid concentration at seven years of age did not relate to the anthropometric indices of body fatness (sum skinfolds, percentage body fat, or fat mass). The associations found between g-linolenic acid concentration at birth and fasting insulin and leptin concentrations, and HOMA insulin resistance values remained statistically significant when adjusted for age, sex, current weight and the plasma phospholipid g-linolenic acid content at seven years of age ( Table 2 ). The associations found between g-linolenic acid concentration at birth and indices of body fatness (sum four skinfolds, percentage body fat, and fat mass) were statistically significant (p < 0.05 for all) when adjusted for Adjusted for sex, age, current weight and g-linolenic acid concentration at follow-up sex, age and the plasma phospholipid g-linolenic acid content at seven years of age. However, when also corrected for current weight, these relations were no longer significant (Table 2) . No significant association or interaction was found between g-linolenic acid concentrations at birth and g-linolenic acid concentrations at seven years. In addition to g-linolenic acid, umbilical cord plasma phospholipid dihomo-g-linolenic acid (20:3n±6; the elongation product of g-linolenic acid) concentrations were also negatively related with fasting insulin concentration and HOMA insulin resistance at age seven (p < 0.05 for both, after adjustment for sex, age and current weight). Plasma phospholipid dihomo-g-linolenic acid at seven years of age did not relate to the outcome variables. The concentration of linoleic acid (18:2n±6), arachidonic acid (20:4n±6), eicosapentanoic acid (20:5n±3), docosahexaenoic acid (22:6n±3), the sum of all n±6 fatty acids, the sum of all n±6 long-chain polyenes (20:3n±6, 20:4n±6, 22:4n±6, and 22:5n±6), the sum of all n±3 fatty acids, the sum of all n±3 long-chain polyenes (20:4n±3, 20:5n±3, 22:5n±3, and 22:6n±3) and the ratio of n±3 to n±6 fatty acids, in umbilical cord plasma phospholipids were not related any of the outcome variables. Adjustments for sex, age and current weight or for the fatty acid concentrations measured at seven years of age did not change these results.
Relations with birth weight. Children of lower birth weight had a lower fat-free mass but not a lower fat mass at age seven. After adjustment for sex, age, current weight, and length of gestation, birth weight was negatively related to BMI, sum four skinfolds, percentage body fat, fat mass, leptin, insulin, HOMA insulin resistance and HOMA beta-cell function (data not shown).
Low birth weight and low g-linolenic acid concentration at birth. The highest fasting insulin concentration and HOMA insulin resistance values were seen in children of low birth weight who had a low g-linolenic acid concentration at birth (Table 3 ). These children also had the lowest proinsulin to insulin ratio (Table 3). Additionally, children in the lowest tertile of birth weight and the lowest tertile of g-linoleic acid concentration at birth had the highest mean fasting leptin concentration and percentage of body fat (not shown). We found no statistically significant association between birth weight and the g-linolenic acid concentration in umbilical cord plasma phospholipids. The associations between g-linolenic acid at birth and fasting insulin levels and HOMA insulin resistance at seven years of age remained statistically significant (p < 0.01, for both) when adjusted for birth weight by multiple regression analysis. The product terms (birth weight g-linolenic acid) for interaction were not statistically significant.
Family history of Type II diabetes mellitus. Because genetic factors play a role in the origins of insulin resistance and Type II diabetes, we investigated relations with a positive family history of diabetes mellitus. Eight children were born to mothers who reported diabetes or impaired glucose tolerance during pregnancy; 78 children had a parent or grandparent with Type II diabetes. As shown in Table 4 , a low g-linolenic acid concentration at birth was related to a positive family history of Type II diabetes mellitus. Of the 8 children born to mothers with diabetes or Values are unadjusted geometric means (number of subjects). HOMA, homeostasis model assessment, NS, not significant impaired glucose tolerance during pregnancy, 7 had a below median g-linolenic acid concentration at birth (p = 0.03, c 2 test). Of the children with a positive family history for Type II diabetes, 51 (65 %) had a below median g-linolenic acid concentration at birth (p = 0.005, c 2 test). The g-linolenic acid concentration at follow-up was not related to a maternal or family history of diabetes. Excluding children with a positive family history of diabetes from the analysis did not change the main findings of our study. Fasting plasma insulin, proinsulin, and leptin concentrations, HOMA insulin resistance, and percent body fat at age seven remained negatively associated with the glinolenic content of umbilical cord plasma (p < 0.05 for all).
Multiple regression analysis. To determine how the different variables were related to fasting insulin concentrations and HOMA insulin resistance, backward step-wise multiple regression analyses were performed (Table 5 ). Removed from both models (p > 0.1) were age and the product terms birth weight times glinolenic acid concentration at birth, birth weight times current weight, and family history of Type II diabetes mellitus times g-linolenic acid concentration at birth. There was a significant interaction between birth weight and a family history of Type II diabetes mellitus (Table 5) . A lower birth weight was associated with higher fasting insulin concentrations and HOMA insulin resistance values only in children with a positive family history for Type II diabetes mellitus (p < 0.001 for both). In children with a negative family history for Type II diabetes mellitus, birth weight was not related to fasting insulin concentration nor to HOMA insulin resistance (p = 0.6 for both). Further adjustments for maternal smoking, infant feeding mode, maternal education, paternal education, or birth order had no major influence on the outcome.
Discussion
In this study, body composition and insulin resistance variables at seven years of age related to birth weight and PUFA concentrations in umbilical cord blood. This data suggests that a low intrauterine availability of g-linolenic acid could predispose individuals to increased body fatness and insulin resistance later in life. This would be in accordance with the general concept of the foetal origin hypothesis that a limited availability of nutrients early in life could have detrimental effects for the subsequent development of insulin resistance and Type II diabetes [9] .
Similar to previous studies conducted in adults and children [3±8, 34], we found that (after correction for sex, age, current weight and length of gestation) a small size at birth related to higher values of the insulin resistance variables and an increased body fatness later in life. In our cohort of seven-year-olds, a low birth weight not only related to a higher fasting insulin concentration and the HOMA index for insulin resistance, but also to higher values of HOMA beta-cell function and lower proinsulin-to-insulin ratios. These IGT, impaired glucose tolerance Table 5 . Multiple regression analyses of fasting insulin concentration and insulin resistance (HOMA) in 7-year-old children with sex, current weight, birth weight, family history of diabetes and plasma phospholipid g-linolenic acid concentrations findings support an association between birth weight and insulin resistance, but do not indicate a relation with an impaired beta-cell function. In this study, fasting insulin concentrations and the HOMA index for insulin resistance were highest in children who had a low birth weight in combination with a low umbilical cord plasma phospholipid g-linolenic acid concentration. After adjustment for birth weight, cord blood g-linolenic acid concentration remained associated with HOMA insulin resistance and fasting insulin levels. We found no significant relation between birth weight and the g-linolenic acid content of umbilical cord plasma phospholipids. Therefore, the association between cord blood g-linolenic acid concentrations and childhood insulin resistance does not seem to be mediated through a reduction in foetal growth. According to a previous study [11] , poor nutrition during late gestation could lead to permanent changes in insulin-glucose metabolism, even when the effects on intrauterine growth are small.
It is not clear how g-linolenic acid influences insulin metabolism. Suggested mechanisms explaining the effects of dietary fatty acids on insulin metabolism involve changes in number and affinity of insulin receptors, alterations in membrane fatty-acid composition, changes in the translocation of glucose transporters, changes in intracellular glucose storage, or alterations in the expression of lipogenic and glycolytic genes [17, 19, 35] . Such mechanisms could involve the so-called peroxisome proliferator-activated receptors (PPARs) [35] . Gamma-linolenic acid has been shown to have a relatively high affinity for PPARa and PPARd, these transcription factors playing central roles in glucose and lipid homeostasis [36, 37] .
The observed association between a low g-linolenic acid concentration in umbilical cord plasma phospholipids and the insulin-resistance variables at age seven could reflect a genetic predisposition rather than a limited g-linolenic acid availability dependent on maternal dietary intake. Investigators have shown that the muscle membrane fatty acid composition of children relates to maternal indices of insulin resistance [38] . They postulate that a genetic predisposition for the incorporation, elongation and desaturation of specific fatty acids is inherited by the child and contributes to the risk for future development of insulin resistance [38] . In this study, a positive family history of diabetes was related to a lower g-linolenic acid content of umbilical cord plasma phopholipids. However, the associations found between g-linolenic acid concentration at birth and the insulin resistance variables at age seven were independent of family history. It thus seems that the associations found do not simply reflect a genetic predisposition.
The observed associations between g-linolenic acid concentrations at birth and at seven years of age on one hand and the insulin resistance variables on the other hand could be an epiphenomenon. Insulin plays a crucial role in fatty acid metabolism and is known to enhance the activity of the enzyme delta-6-desaturase [39] . Delta-6-desaturase stimulates the conversion of linoleic acid (18:2n±6) into g-linolenic acid. A higher plasma concentration of insulin could thus explain a higher g-linolenic acid content of plasma lipid fractions. Conversely, low levels of circulating insulin could relate to lower g-linolenic acid concentrations. Findings in (Type I) (insulin-dependent) diabetes mellitus patients [40] and animal models of reduced beta-cell function [41] indicate that insulin deficiency relates to a lower delta-6-desaturase activity, which can be restored by insulin treatment. The associations found between plasma phospholipid g-linolenic acid concentration and the insulin resistance variables could thus reflect such a`mechanism' of reverse causality. Furthermore, less then 40 % of the children participated during the follow-up study. Although the birth characteristics (including g-linolenic concentration at birth) of the children who participated did not differ from the children who did not attend our clinic, residual bias due to selection cannot be excluded.
In conclusion, the results of the present explorative study indicate that a limited availability of g-linolenic acid early in human life could be one of the factors involved in the foetal origins of insulin resistance.
